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ABSTRACT 
Soil sampling for nitrate in late spring when com plants are 15 to 30 cm tall 
can be used to obtain information needed for site-specific management of N during 
com production. However, variability in soil nitrate concentrations causes sampling 
problems when using the test to assess N availability. Although variability of soil 
nitrate concentrations has been studied, there is a lack of information on the 
uncertainty associated with assessment of nitrate concentrations for small research-
sized plots. Also, few studies have been conducted to develop guidelines for 
efficient sampling of fields for soil nitrate in late spring. Knowledge of the variability 
of nitrate concentrations within and among small areas of seemingly uniform soil 
within a field is essential for site-specific management of N. 
Studies were conducted to learn more about the variability of nitrate 
concentrations within small plots of seemingly uniform soil and variability among 
these small plots within a field. Results from these studies show that there is a high 
degree of uncertainty associated with the determinations of nitrate concentrations 
from samples collected from small plots of seemingly uniform soil. Such 
uncertainties must be considered whenever soil nitrate results are interpreted. This 
problem, however, can be minimized by collecting several samples, looking for 
trends established by most samples, and giving little credence to samples that do 
not follow the observed trends. The results also show that much of the within-field 
variability in nitrate concentrations can be explained by differences in l^eldahl N 
V 
concentrations. These findings suggest that within-field differences in soil organic 
matter concentrations, which are correlated with Kjeldahl N concentrations, offer a 
practical way to divide fields Into 'sites' for soil nitrate testing. This Is helpful 
because differences in organic matter contents can be visually identified when soil 
samples are collected. 
1 
GENERAL INTRODUCTION 
The late-spring soil nitrate test is a valuable tool that com producers can use 
to assess N availability for site-spedfic management of N during com production. 
The soil testing is done in late spring when com plants are 15 to 30 cm tall, a time 
late enough to reflect spring weather conditions that affect N availability, but eariy 
enough that additional N can be applied if needed. However, variability in soil nitrate 
concentrations poses a challenge to users when soil sampling for this test. 
Although variability of soil nitrate concentrations has been studied, 
information on the variability in nitrate concentrations within and among seemingly 
uniform plots in a field is lacking. Studies conducted to obtain this information 
should enable identification of efficient strategies for the sampling of soil nitrate in a 
field. 
The overall objectives of the work reported in this dissertation were (i) to 
estimate the variability associated with measurements of nitrate concentrations 
based on soil samples collected from seemingly uniform plots, (ii) to study the 
variability in soil nitrate concentrations among seemingly uniform plots at different 
positions in a field, and (ill) to determine what should be considered a 'site' within a 
field when sampling soils for nitrate in late spring. 
2 
Dissertation Organization 
The dissertation is presented as two papers suitable for publication. Both 
papers will be submitted to the Soil Science Society of America Journal. The two 
papers are preceded by a General Introduction and succeeded by a General 
Summary. The appendix includes information relevant to both papers, but will not 
be submitted for publication. 
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CHAPTER I. SOIL SAMPLING FOR NITRATE WITHIN SMALL PLOTS 
OF SEEMINGLY UNIFORM SOIL 
A paper to be submitted to the Soil Science Society of America Journal 
Kiam-Chung Chin and Alfred M. Blackmer 
INTRODUCTION 
The reliability of a soil test depends on how well it is calibrated, which means 
how well soil test values are correlated to observed yield responses to nutrient 
treatments. Calibration trials are usually conducted in fields on areas of soils that 
are judged to be as homogenous as possible with respect to important soil 
characteristics. Estimates of homogeneity are based on a scale that influences 
growth of a single plant. The root system of a corn plant, for example, integrates 
nutrient availability over a volume of soil one-meter in diameter. It is clearly 
recognized that the judgment of homogeneity ignores availability of nutrient 
concentrations that occurs on a scale smaller than one meter. This small-scale 
variability is caused by pieces of decomposing plant residues, microreliefs of soil 
surface, animal burrows, wheel tracks, patches of weeds or animal excreta, 
locations of fertilizer bands or where fertilizer prills dissolved, or rows of plants taking 
up nutrients. This variability usually is addressed by collecting several soil cores and 
compositing them into a single sample for analysis. The number of cores to be 
collected depends on many factors relating to the objective of the study, 
management history of the soil, season, nutrient being studied, and other factors 
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(Reed and Rigney, 1947; Cameron et al., 1971; Vallis, 1973; Briggs, 1974; Bole and 
Pittman 1976; Kitchen et al., 1990; Mahler, 1990). Although variability on the scale 
of 1 cm to 50 cm has little effect on plant growth, it could have a significant effect on 
the uncertainty associated with soil test values derived from a few individual soil 
cores that are only a few centimeters in diameter. 
A survey of published articles on soil nitrate studies showed great variability in 
the number of cores collected from research plots (6 to 149 m^). The number of 
cores per plot collected ranged from four or less cores (Olsen et al., 1970; Linville 
and Smith, 1971; Jolley and Pierre, 1977; Bundy and Malone, 1988; Jokela and 
Randall, 1989; Roth and Fox, 1990; Varvel and Peterson, 1990; Bundy et al., 1992; 
Motavalli et al., 1992; Bundy et al., 1993; Bundy and Andraski, 1993,1995; Dou et 
al., 1995), five to ten cores (Olsen et al., 1970; Fox and Piekielek, 1978; Fox et al., 
1989,1993; Hong et al., 1990; Jokela, 1992; Meisinger et a!., 1992; Bundy and 
Andraski, 1995; Dou et al., 1995), to more than ten cores (Brown et al., 1993). In 
some cases, the number of soil cores collected was not specified (Herron et al., 
1968; MacGregor et al., 1974; Hahne et al., 1977; Magdoff et al., 1984). There is 
little information, however, that can be used to estimate relationships between 
sampling methods and amount of uncertainty in estimating mean concentration of 
nitrate for the plot. Information concerning the uncertainty associated with a soil test 
value for small research-sized plots is needed to evaluate relationships between soil 
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test values and crop responses in calibration trials. It also is fundamental knowledge 
needed for dividing wfiole fields into areas that should be sampled individually. 
The objective of this study is to estimate the variability associated with 
assessment of nitrate concentrations based on soil samples collected firom 
seemingly uniform plots within cornfields when plants are 15 to 30 cm. tall. An 
important part of the rationale for the experimental design of this study is that the 
number of cores required to attain a desired level of certainty depends greatly on the 
methods by which N fertilizer were recently applied and how variability caused by 
rows of growing plants is addressed. We minimized past fertilizer-application effects 
by studying cornfields following a soybean crop that had not received applications of 
fertilizer N. To minimize row effects, individual soil cores were collected in 'sets of 
eight cores', where individual cores were collected within comrows and at spedfied 
distances from rows. We assume that variability due to rows is important and should 
be minimized. The basic question addressed in this study, therefore, is the 
relationship between number of sets of eight cores and the variability associated 
with measurements of nitrate concentrations on small experimental plots. 
MATERIALS AND METHODS 
Studies were conducted on eight fields that, except for N fertilization, were 
managed by farmers using management practices common for production of com in 
the region. The areas studied (6.2 to 15.0 hectares) involved four soil associations in 
three counties within Iowa (Table 1). All fields were planted to corn (Zea mays) 
grown after soybean [Gfyc/ne max (L.) Merr.]. None of the fields had received 
Table 1. Description of experimental fields. 
Field County Area (ha) Soil association 
CE Union 6.2 Sharpsburg-Shelby-Nira 
CW Union 11.5 Sharpsburg-Shelby-Nira 
CP Union 7.5 Sharpsburg-Shelby-Nira 
RE Blackhawk 6.9 Dinsdale-Klinger-Maxfield 
JT Greene 11.9 Canisteo-Webster-Nicollet 
JN Greene 15.0 Canisteo-Webster-Nicollet 
RN Blackhawk 9.3 Dinsdale-Klinger-Maxfield 
JW Greene 7.2 Clarion-Nicollet-Webster 
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applications of animal manure within the past five years, and fertilizer N was not 
applied for the soybean crops preceding com. 
Each field was divided into two halves, one fertilized and one not fertilized. 
The fertilized halves were sprayed with a (28%) urea-ammonium-nitrate solution at a 
rate of 135 kg N/ha on soil surface immediately before or after planting. To provide 
maximum uniformity of N applications, fertilizer was applied by using equipment 
commonly used for applications of herbicides mixed with fertilizer solutions. 
Fifteen plots (8 by 12m) were established on each of the fertilized and non-
fertilized halves of the experimental fields. The plots were positioned to capture the 
entire range in soil types within each field without regard to the importance of the soil 
type within the field. The plots were positioned to have minimum within-plot 
variability in soil type as revealed by visual inspection. 
Soil samples from the surface 30-cm of soil were collected when com plants 
were 15 to 30 cm tall. Four sets of eight soil cores (3.2-cm diam) were collected 
from each plot and each set was composited to form a single sample. 
Each core for each sample was taken at prescribed positions relative to comrows 
(Fig. 1). This sampling procedure was used to minimize variability in soil nitrate 
caused by rows of com because intensive sampling across comrows has shown that 
nitrate concentrations often show cyclic pattems (Perdomo, 1995). 
rSample 1 Sample 2 Sample 3 Sample 4 
rows 
nr 
00 
12 m 
Fig 1. Sampling procedure used in the study. Black circles indicate positions where soil cores were collected. 
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Soil samples were dried in a forced-air oven at 49° C. After drying, samples 
were ground to pass a 2-mm sieve. The four sets of eight cores from each plot were 
extracted with 2 M KCI and analyzed individually for nitrate-N by using a Lachat flow-
injection procedure (Lachat Instruments, Milwaukee, Wl; Method 12-107-04-1-B). 
The four nitrate values were averaged to represent mean concentration of nitrate for 
the plot. Soil nitrate-N coefRdents of variation (CV) for the four sets of eight cores 
from each plot were calculated to represent the magnitude of within-plot nitrate 
variability. 
Linear models were used to describe the functional relationships between 
nitrate concentrations for samples and mean concentrations of nitrate for the plots. 
The resulting four linear regression equations were used to obtain an overall 
estimate of plot variance (variance among the four sets of eight cores), s^, and it was 
calculated as 
r - 1  
where Z ( yi - Y)^ is the sum of squares of the functional relationships about 
their mean, Y, and r is the number of sets of eight cores (variates) in each plot. 
Confidence intervals were calculated by 
C.I. = X± (t X s)/Vn 
where X is the mean; t is the student's t, the value of which depends on the 
probability level chosen for the interval and on the degrees of freedom upon which s 
is based; s is the estimated standard deviation; and n is the number of sets of eight 
10 
cores. A confidence interval is a range of values of a population parameter that will 
be expected to contain the true parameter value for a specified degree of certainty. 
The number of sets of eight cores per plot needed for 80% and 95% 
confidence intervals was calculated by the formula as represented by Cline (1944). 
The form of the formula used in this study was: 
N = t^ s^/d^ 
where N is the number of sets of eight cores/plot required to estimate the 
mean within the desired specified limit, d. The quantity t is the student's t at the 
chosen level of probability and s^ is the plot variance. 
RESULTS AND DISCUSSION 
The soil nitrate concentrations found are presented in Figures 2 and 3, which 
show relationships between concentrations of nitrate for individual samples and 
mean concentrations for plots firom which the samples were taken. Mean 
concentrations for the non-fertilized portions of the field ranged from eight to 32 mg 
N/kg. Most of these plots were substantially below the 25 mg N/kg considered to be 
optimal for com production (Magdoff et al., 1990; Binford et al., 1992). A major 
exception is the JW field, which can be explained by a difference in mineralization 
rate due to cropping history. Although it was not recognized when the study was 
established, the non-fertilized half had been under a sod of alfalfa {Medicago sativa 
L.) for many years immediately preceding the soybean crop. 
Mean nitrate concentrations for the fertilized areas ranged from 12 to 43 mg 
N/kg. Most of the mean concentrations tended to be higher than 25 mg N /kg. An 
0 
6 '"  
O Fertilized plots 
• Nonfertilized 
plots 
e 
) 5 10 15 20 25 30 35 40 45 
Mean concentrations of NO3' (mg N/kg) for plots 
Fig. 2. Within-field relationships between concentrations of NO3" for 
individual samples and mean concentrations of NO3' for plots. 
O Fertilized plots 
• Nonfertilized plots 
S 60 
o 40 
u 
•4= 100 
8 8 
0 10 20 30 40 50 60 70 
Mean concentrations of NOs" (mg N/kg) for plots 
Fig. 3. Within-field relationships between concentrations of NO3' for 
individual samples and mean concentrations of NO3* for plots. 
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exception was the CP field, where the soil test results and crop yield responses to 
fertilizer N applied after the soils were tested (data not shown) indicated that most of 
the fertilizer applied was lost from the soil before the crop could use it. Analysis of 
variance across all fields showed that fertilization had a significant effect (P<0.05) on 
soil nitrate concentrations. 
Within-plot CV values for nitrate concentrations for the four sets of eight cores 
ranged from 1.9 to 77.7% (Table 2). Some of this variability can be attributed to 
small sample size because four observations do not give precise estimates of CV 
values. The variability in CV values should not be attributed to differences in mean 
concentrations of nitrate for plots because within-field relationships indicate that CV 
values for plots showed no general tendency to increase with increases in mean 
concentrations of nitrate for plots (Fig. 4). This finding differs from that of Biggar 
(1978), who reviewed several research reports and concluded that applications of 
fertilizer N tended to increase CV values by 100 to 150%. White et al. (1987) also 
observed that N fertilization increased soil NO3' variability. The differences in 
findings can be explained if it is recognized that some methods of fertilizer N 
applications produce more variability than others. Our study was conducted on 
fields where the fertilizer-application method was selected to provide maximum 
uniformity in rate of application. 
Pooled data from all fields (Fig. 5) also revealed no predictable relationship 
between within-plot CV values and mean concentrations of nitrate for the plots. In 
contrast, pooled data from all fields (Fig. 6) showed that within-plot standard 
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Table 2. Mean nitrate concentrations, mean CV values, and CV ranges for the 15 
plots within each half (non-fertilized and fertilized) of each field. 
Non-fertilized plots Fertiibed plots 
Mean Range in Mean of Mean Range in Mean of 
concentration CV values CV values concentration CV values CV values 
Field of NOa for plots for plots of NO,- for plots for plots 
(mg N/kg) ( % )  ( % )  (mg N/kg) ( % )  ( % )  
CE 8.4 5.5-19.4 12.0 22.2 4.7 - 34.5 17.4 
CW 9.2 12.6-40.9 22.9 25.2 13.2-27.3 18.0 
CP 10.1 5.1 -22.5 10.7 12.0 3.4-26.1 10.9 
RE 14.1 2.3 - 30.7 11.1 31.4 1.9-29.5 12.9 
JT 15.5 2.0 - 25.7 10.3 25.4 4.5 -19.7 11.8 
JN 16.7 4.5 - 42.6 14.0 31.7 6.2-16.1 10.1 
RN 18.8 4.1 - 77.7 26.2 27.8 4.1 -24.8 12.3 
JW 31.8 4.5 - 26.6 14.9 42.8 4.3 - 40.2 19.0 
Mean 15.6 15.3 27.3 14.0 
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of NO3' for plots. 
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deviations tended (r^ = 0.37) to increase with increases in mean nitrate 
concentrations for the plots. Much of the variability from this linear trend could be 
caused by too few observations to determine a predse standard deviation for 
individual plots. 
Individual nitrate values for each plot were ranked from the highest to the 
lowest nitrate concentration and Figure 7 shows the relationships found when 
similarly ranked nitrate concentrations were related to the mean concentrations for 
the plots. Relationships observed within each ranking were linear, but each had a 
different slope. The figure indicates that samples collected from all plots (fertilized 
and non-fertilized) tended to follow a common relationship between mean soil nitrate 
concentrations and variability In nitrate concentrations In Individual samples 
collected from plots. 
Calculations using the slopes of the regression lines in Fig. 7A-7D indicate 
that within-plot standard deviation for nitrate concentrations was 0.1 Six, where x Is 
the mean nitrate concentration for the plot. This method of determining how standard 
deviations change with soil nitrate concentrations Is less Influenced by errors due to 
small number of observations than Is illustrated In Fig. 6. 
Evidence that populations of nitrate values for samples from individual plots 
were not perfect normal distributions Is provided by non-equal spaclngs between the 
lines at any given nitrate concentration. The figure suggests a distribution that is 
skewed because it has more high concentrations of nitrate than would be found in a 
19 
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normally distributed population. The figure also suggests that relatively small errors 
would be caused if the skewness were ignored. 
Skewed distributions of nitrate concentrations should be expected if the plots 
assumed to be uniform could be better described as being two or more subplots 
having significantly different mean concentrations of soil nitrate. Samples collected 
for soil salinity studies, for example, usually are normally distributed when collected 
within a single soil type, but they often are skewed distributions when multiple soil 
types or series are sampled (Rhoades and Miyamoto, 1990). Whereas the 
populations of samples collected within areas of seemingly uniform soil tended to 
be neariy normally distributed, a population of samples collected from several 
different soils need not be normally distributed. Indeed, a strong linear relationship 
in Fig. 6 would indicate that all of the samples collected in this study come from a 
population that was log-normally distributed (Brownlee, 1965; Gomez and Gomez, 
1976). 
Calculated relationships between number of sets of eight cores and half-
widths of the 95% confidence intervals are shown in Fig. 8. Increasing sampling 
Intensity from one set to four sets of eight cores per plot substantially decreases the 
widths of the confidence interval. For example, the confidence interval decreases 
from ± 7.4 to ± 3.7 mg N/kg if sampling intensity increases from one set of eight 
cores to four sets of eight cores for soil testing 25 mg N/kg. The confidence interval 
estimated for a sample of four soil cores would be substantially wide (i.e., ± 10.5 mg 
N /kg). 
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Fig. 8. Relationships between number of sets of 8 cores and half-
widths of the 95% confidence intervals for NO3' concentrations. 
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Figure 9 shows estimated relationships between number of sets of eight 
cores and confidence interval expressed as a percentage of soil mean nitrate 
concentration at the 95% and 80% probability level. The degree of uncertainty due 
to sampling small plots, as shown in this figure, is similar to the degree of uncertainty 
previously reported for fields. For example, a study by Swenson et al. (1984) in 
North Dakota indicated that about 20 subsamples per field are required to obtain 
accuracy within ± 15% of the mean nitrate concentration of a field at the 80% 
probability level. In comparison, our study indicated that a composite of about 14 
cores is needed to estimate the mean concentration of a plot at the same accuracy 
and probability level. At the 95% probability level, however, a composite of about 32 
cores is needed to estimate the mean concentration within the same level of 
accuracy. The results clearly showed that 24 to 32 cores are required to 
satisfactorily estimate the mean concentration on these small plots of seemingly 
uniform soil. 
The degree of uncertainty shown in Fig. 9 is the minimum that should 
generally be expected when small plots are sampled. Greater uncertainty should be 
expected if (i) care is not taken to spread fertilizer uniformly on a scale that is 
important when small cores of soils are used for soil testing, (ii) samples were not 
collected in a pattern that reduced variability due to row effects, and (iii) samples 
were collected from an area that is better described as two or more areas with 
significantly different nitrate concentrations rather than as a uniform area with a 
single mean nitrate concentration. 
23 
95% confidence 
confidence 
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8 
Fig. 9. Relationships between number of sets of 8 cores and half-widths of the 
confidence intervals, expressed as percentages of mean NOa" concentrations. 
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Table 3 shows the percentage of samples that would be expected to fall 
outside given concentration ranges if the samples collected tended to be normally 
distributed with a definable standard deviation similar to that shown in Fig. 7. Under 
these assumptions, for example, an average of one sample (i.e., one set of eight 
cores) in ten should be expected to fall outside the range of 18.8 to 31.2 mg N/kg if 
the mean concentration of nitrate for the plot is 25 mg N/kg. If four sets of eight 
cores were collected, then on the average, one sample in ten should be expected to 
fall outside the range of 21.9 to 28.1 mg N/kg. Such uncertainty must be considered 
whenever soil test values are interpreted. But such uncertainty is not a serious 
problem when many samples are collected and little weight is given to individual 
samples that do not follow the trends established by most samples. 
The overall results of this study showed that there are substantial 
uncertainties associated with nitrate concentrations measured in plots of seemingly 
uniform soil. Within-plot standard deviations for nitrate concentrations tended to 
increase at a rate of 0.151 with increases in mean concentrations of nitrate for plots. 
These uncertainties must be recognized whenever soil test results are interpreted. 
The uncertainty is great enough that the results of any single analysis may not be 
reliable. Taking several samples, looking for trends among the samples, and giving 
little weight to samples that do not follow the trends can minimize this problem. 
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Table 3. Illustrations of the variability in soil nitrate concentrations that should be 
expected when seemingly uniform areas of soil are sampled. 
1/4 of the samples 
Mean Sets of (on the average) 
concentration 8 cores will fall outside 
of NO3' collected this range 
1/10 of the samples 1/20 of the samples 
(on the average) (on the average) 
will fall outside will fall outside 
tills range tiiis range 
(mg N/kg) fma N/ko) 
10 0.5 7.5 -12.5 6.5-13.5 5.8 -14.2 
1 8.3 -11.7 7.5-12.5 7.0 -13.0 
4 9.1 -10.9 8.8-11.2 8.5 -11.5 
25 0.5 18.9 -31.1 16.2 -33.8 14.5 -35.5 
1 20.7 -29.3 18.8 -31.2 17.6 -32.4 
4 22.8 -27.2 21.9 -28.1 21.3 -28.7 
40 0.5 30.2 -49.8 54.1 -25.9 23.3 -56.7 
1 33.1 -46.9 30.1 -49.9 28.2 -51.8 
4 36.5 -43.5 35.0 -45.0 34.1 -45.9 
26 
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CHAPTER II. FIELD SAMPLING FOR NITRATE IN IOWA 
CORNFIELDS 
A paper to be submitted to the Soil Science Society of America Journal 
Kiam-Chung Chin and Alfred M. Blackmer 
INTRODUCTION 
Soil testing in the past has been based on the assumption that a soil sample 
or samples can be collected to represent the nutrient status of a field (Reed et al., 
1953; Jackson, 1958; Graham, 1959; Iowa State Univ. Coop. Ext. Serv., 1963; 
Melsted, 1967). Within-field differences in nutrient availability were considered 
unimportant or unmanageable, except where significant heterogeneity of soil types 
occurred. However, recently there has been considerable interest in the amount of 
variability in nutrient concentrations in a field (Carr et al., 1991; Wibawa et al., 1993; 
Fiez et al., 1994; Cahn et al., 1994). Indeed, considerable effort is going into 
intensive sampling of soils in grid patterns to characterize spatial patterns of nutrient 
variability (Mulla and Hammond, 1988; Franzen and Peck, 1993,1996; Wollenhaupt 
and Wolkowski, 1996; Everett and Pierce, 1996; Ferguson et al., 1996; Franzen et 
al., 1996; Hollands, 1996; Karien, et al., 1996; Mallarino et al., 1996; Olesen et al., 
1996). 
Soil testing for nitrate when plants are 15 to 30 cm tall can be used to obtain 
information needed for site-specific management of N during corn production 
(Magdoff et al., 1984; Blackmer et al., 1989; Foxet al., 1989; Magdoff et al., 1990; 
Binford et al., 1992; Meisinger et al., 1992). However, use of the test for this 
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purpose is limited by sampling problems. Sampling problems for this soil test are 
greater than those encountered when testing for phosphorus or potassium because 
nitrate must be tested each year within a narrow time frame. For this reason, the 
grid-sampling technique often used when testing soil for phosphorus and potassium 
is not practical for this soil test. 
Few studies have been conducted to develop guidelines for efficient sampling 
of fields for soil nitrate in late spring. A major problem is that fields differ greatly in 
the amount of variability expected due to differences in soil types. Another problem 
is that the amount of variability may vary with the potential of soils to mineralize 
nitrogen, with previous cropping history, or with management practices. Non­
uniform applications of fertilizer N, for example, can introduce large amounts of 
within-field variability in soil nitrate concentrations. Major sources of sampling 
problems associated with soil-nitrate tests are avoided in this study by focusing on a 
single crop and at a single time of sampling. 
The objective of the work reported here is to study variability in soil nitrate 
concentrations among seemingly uniform plots at different positions in a field and to 
determine what should be considered a 'site' within a field when sampling soils for 
nitrate in late spring. Problems associated with differences caused by previous crop 
are avoided by studying only com following soytjean. Within-field variability in soil 
nitrate concentrations due to non-uniform applications of fertilizer N is minimized by 
working in fields where the fertilizer-application method was selected to provide 
maximum uniformity in rate of application. Because soybean crops do not receive 
applications of fertilizer N in Iowa, problems associated with non-uniform 
applications of fertilizer N from the previous year are also avoided. 
An important part of the rationale for the design of this study is that 
dividing a field into 'sites' for site-specific agriculture requires knowledge of the 
variability within and among small areas of seemingly uniform soil within a field. This 
knowledge is necessary because the variability in soil nitrate concentrations 
observed in any field obviously depends on how the samples were collected 
(Perdomo, 1995). For example, individual soil cores collected within a few 
centimeters of each other reveal variability that is on a scale smaller than the plant-
root system and, therefore, is relatively unimportant to the crop. Variability on this 
scale, however, introduces uncertainty in any measurement of soil nitrate 
concentrations. This variability creates a need to collect many cores to characterize 
the mean nitrate concentration for any small area of soil. Chapter I of this 
dissertation showed that 24 to 32 cores are needed to characterize the mean 
concentrations on small plots of seemingly uniform soil. Attempts to divide fields into 
'sites' for sampling require knowledge of the variability within small plots of 
seemingly uniform soil as well as variability among these small plots. 
Another part of the rationale for this study is that concentrations of organic 
matter offer a possible criterion for dividing fields into 'sites' appropriate for the 
sampling of soil nitrate. Within-field differences in organic matter can be easily 
observed by soil color and are correlated to important factors, such as landscape 
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position, water holding capadty of the soil, and the potential of the soil to mineralize 
nitrogen. 
MATERIALS AND METHODS 
Eight cornfields in production agriculture were selected for this study in 1994 
and four in 1995 (Table 1). Fields are listed in order of decreasing CV values for 
l^eldahl N concentrations. Because FQeldahl N concentrations are proportional to 
soil organic matter concentrations, the fields are listed in order of decreasing 
variability in soil organic matter contents. The design of the field studies and 
sampling procedure used in 1994 are described in chapter I of this dissertation. 
Similar field studies were conducted (fields ST, SB, SW, and SS) in 1995, with plot 
dimensions of 12 by 17 m. 
Soil samples from the surface 30-cm of soil were collected when com plants 
were 15 to 30 cm tall. Four sets of eight soil cores (3.2-cm diam) in 1994 and six 
sets of eight soil cores (3.2-cm diam) in 1995 were collected from each plot. Soil 
samples were dried in a forced-air oven at 49° C. After drying, samples were ground 
to pass a 2-mm sieve. The four or six sets of eight cores from each plot were 
extracted with 2 M KCI and analyzed individually for nitrate-N by using a Lachat flow-
injection procedure (Lachat Instruments, Milwaukee, Wl; Method 12-107-04-1-B). 
The individual nitrate values were averaged to represent plot-mean nitrate 
concentration. In addition, subsamples of the four or six sets of eight cores were 
composited by plot for incubation studies and l^eldahl N measurements. 
For incubation studies to measure mineralization rates, soil samples from 
Table 1. Characteristics of the fields studied. 
KiQictahl N 
Field Countv Area (ha) Soil association Mean (alka) C\/i%) 
JT Greene 11.9 Canisteo-Webster-Nicollet 1.9 43.3 
ST Greene 4.9 Canisteo-Webster-Nicollet 1.9 32.5 
JW Greene 7.2 Clarion-Nicollet-Webster 2.5 29.9 
SB Greene 5.6 Clarion-Nicollet-Webster 1.5 26.9 
JN Greene 15.0 Canisteo-Webster-Nicollet 2.3 24.9 
SW Greene 4.3 Lester-Fluvaquents-Wadena 2.0 23.4 
RN Blackhawk 9.3 Dinsdale-Klinger-Maxfield 1.8 17.9 
RE Blackhawk 6.9 Dinsdale-Klinger-Maxfield 2.1 15.0 
SS Greene 6.6 Canisteo-Webster-Nicollet 1.9 11.7 
CE Union 6.2 Sharpsburg-Shelby-Nira 2.0 9.2 
CW Union 11.5 Sharpsburg-Shelby-Nira 2.0 9.1 
CP Union 7.5 Sharpsburg-Shelby-Nira 2.1 7.7 
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non-fertilized plots were dried and ground to pass a 2-mm sieve. Visible plant 
residues, roots, and odd fragments were removed before grinding. Ten grams (on 
oven-dry basis) of each soil were placed in 237-mL French square bottles equipped 
with screw caps. The soil in each bottle was wetted with deionized water by using a 
pipette to bring the soil water potential to -33 kPa. Soil gravimetric water contents 
corresponding to matric suction of 33 kPa were determined by desorption using the 
pressure membrane method (Richards, 1954) on dried soils packed to a uniform 
bulk density of 1.3 Mg/m^. Each bottle was then sealed and placed in an incubator 
(30° C). The soil samples were aerated by flushing the bottles with breathing quality 
air every 2 weeks. Duplicate soil samples were removed from the incubator at 
various days (usually 0, 7, 14, 21, and 28) of incubation and analyzed for NH/ -N 
and NOa'-N by using a Lachat flow-injection procedure (Lachat Instruments, 
Milwaukee, Wl; Methods 12-107-06-2-A and 12-107-04-1-B). Net mineralization 
was calculated by subtracting the Initial quantity of soil Inorganic-N from the post-
Incubation quantity of soil Inorganic-N. 
I^eldahl N was determined on soils ground to pass a 0.18-mm sieve by using 
the permanganate-reduced iron modified semimicro-l^eldahl method to Include 
nitrate and nitrite (Bremner and Mulvaney, 1982). 
Linear regression was used to estimate rates of N mineralization with time 
(see appendix) using the linear regression (REG) procedure of SAS ( SAS Institute, 
1988). 
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RESULTS AND DISCUSSION 
Variability In Nitrate Concentrations 
Mean concentrations of nitrate, ranges in nitrate concentrations, and CV 
values of nitrate concentrations among plots for the non-fertilized and fertilized plots 
are shown in Table 2. Coefficient of variation values for soil nitrate concentrations 
ranged from 11.0 to 36.8%. The mean (17.1 %) of the among-plot CV values for the 
non-fertilized plots from the eight fields was not significantly (P<0.05) different than 
the mean (20.7%) of the among-plot CV values for the fertilized plots. 
Relatively wide ranges in CV values should be expected because the fields 
were selected to have average to above average variability in soil type for the 
region. Also, efforts were made to capture the entire range in soil types within a field 
rather than to sample soil types in proportion to their abundance. Normal soil 
sampling procedure would avoid many of the areas sampled. However, steps were 
taken to avoid variability caused by non-uniform applications of fertilizer N. 
The CV values shown in Table 2 are not as high as those reported by 
Meisinger (1984), who reviewed several research reports and found that soil nitrate 
concentrations normally had coefficients of variation in the range of 30 to 80% and a 
mean of 45%. The lower CV values in our study may be explained by differences 
among fields; espedally when different regions are compared, fields should be 
expected to differ in amounts of variability. Another possible explanation is 
difference in uncertainty due to number of cores collected for each sample. Studies 
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Table 2. Mean nitrate concentrations, ranges in nitrate concentrations, and among-
plot CV values for the 15 plots within each half (non-fertilized and fertilized) of each 
field. 
Non-fertilized plots Fertilized plots 
Mean Range In Among-plot Mean Range in Among-plot 
concentration NOa" CV concentration NO3' CV 
Field of NOa' concentrations values of NO3' concentrations values 
fma N/ko^ ( % )  fma N/ko) ( % )  
JT 15.5 8 -30  34.5 25.5 20 -33  14.8 
ST 8.7 5 -14  27.1 ND ND ND 
JW 31.8 24 -38  12.0 42.9 32 -67  23.2 
SB 11.1 5 -18  32.3 ND ND ND 
JN 16.7 10 -20  16.7 31.8 24 -45  16.9 
SW 10.0 7 -18  28.0 ND ND ND 
RN 18.8 8 -32  36.8 27.8 21  -34  14.3 
RE 14.1 11  -18  14.1 31.3 25 -41  12.9 
SS 14.1 10 -18  17.1 ND ND ND 
CE 8.4 7 -10  11.7 22.3 7 -31  26.2 
CW 9.2 3 -13  28.5 25.2 20 -29  11.0 
CP 10.1 8 -12  11.6 11.9 9 -15  17.2 
ND - Not determined 
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by Chin and Blackmer (chapter I of the dissertation) showed that many studies 
involved collection of only a few (four or less) cores per sample and much higher CV 
values should be expected when only a few cores are collected than when at least 
24 cores are collected. 
Dividing Fields By Soil Organic Matter Concentrations 
Within-field relationships between concentrations of soil nitrate and Kjeldahl N 
concentrations for the non-fertilized fields are shown in Fig. 1. The corresponding 
relationships for the fertilized fields are shown in Fig. 2. Good relationships were 
observed in fields that had relatively high variability in l^eldahl N concentrations. 
Poor relationships were observed in fields that had relatively low variability in 
l^eldahl N concentrations. These observations suggest that within-field differences 
in soil organic matter concentrations offer guidance for dividing fields into 'sites' for 
soil nitrate testing. This is important because differences in organic matter can be 
easily observed when soil samples are collected. 
The lack of a significant relationship at field JWfor the fertilized and non-
fertilized fields can be attributed to mineralization of an alfalfa crop that preceded the 
soybean. This observation indicates that these good relationships between soil 
organic matter and soil nitrate concentrations should not be expected under some 
situations. Obsen/ations made at the other fields, however, suggest that this 
relationship is important when com after soybean is sampled in late spring. 
The vertical dashed lines in Figures 1 and 2 show how the Gate-Nelson 
procedure (Waugh, Gate, and Nelson, 1973) grouped plots into categories 
40 
30 
20 
10 
0 
40 
30 
20 
10 
0 
40 
30 
20 
10 
0 
40 
30 
20 
10 
0 
40 
30 
20 
10 
0 
40 
30 
20 
10 
0 
42 
r = 0.77 
JW 
ST 1 
1 1 1 
1 ^ = 0.55 • 1 
O O 
SB ; 
1 
• 
• 1 1 
E> 
= 0.28 
! 
JN 1 1 
1 
1*1 — Ti 
t 1 
= 0.42 
' 
sw 
I o 
1 ? = 0.26 
r  =  0 . 5 3  
f  -  0 . 3 8  
R E  
-
1  r ^  =  0 . 3 4  
1  1  
CE 
<^o 
CP 
1 2 3 4 0 1 2 3 
Kjeldahl N (g/kg) 
). 1. Within-field relationships between concentrations of NOs" and 
sidahl N concentrations for the non-fertilized plots. 
45 
30 
15 
0 
45 
30 
15 
0 
75 
50 
25 
0 
45 
30 
15 
0 
45 
30 
15 
0 
45 
30 
15 
0 
45 
30 
15 
0 
45 
30 
15 
0 
Vith 
N C( 
r = 0.33 
r = 0.43 
JW 
RN 
KE 
CE 
CP 
I I 
I , 
I I 
O/. 
^o:  
O , I 
800^ 
1^ = 0.31 
= 0.36 
1^ = 0.48 
"CW 
-
12 3^ 
Kjeldahl N (g/kg) 
field relationships between concentrations of 
centrations for the fertilized plots of eight field! 
I 
44 
by considering the relationship between soil nitrate concentrations and l^eldahl N 
concentrations. This procedure divides soils into categories for the purpose of 
making fertilizer recommendations, and, when used sequentially, provides an 
objective means of dividing fields into as many categories as can be considered 
statistically different for the purpose of soil testing. The procedure divided 1 field into 
3 categories and 14 fields into 2 categories. Five of the 20 fields could not be 
divided into 2 significantly different (P<0.05) categories. The Cate-Nelson 
procedure usually explained a higher percentage of the variability in soil nitrate 
concentrations than did linear regression (see appendix). 
Some of the single-plot or two-plots categories identified by the Cate-Nelson 
procedure can be related to spedfic field situations that would not be a problem 
during normal soil testing. For example, the plots having very low concentrations of 
nitrate were often located on small-eroded knolls or slope that represented 
insignificant portions of the field. Plots having very high concentrations in nitrate 
were often found in small depressional areas that represented insignificant portions 
of the field. Such small areas would not be sampled during normal soil testing, but 
efforts were made to include such extremes in this study. 
The single-plot category Identified by the Cate-Nelson procedure at field SW 
can be related to spedfic field situations that might be difficult to detect during 
normal soil sampling. The plot having the highest nitrate concentration at this field 
was on an abandoned holding area for cattle (Blackmer and White, 1996). The 
observation illustrates that management-induced variability poses problems when 
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sampling soils for nitrate concentrations, espedally if field history is not known. 
The results shown In figures 1 and 2 indicate that all of the fields sampled in 
this study could be considered as 1 or 2 'sites' for the purpose of sampling soils for 
the late-spring nitrate test. For the fields studied here, there would be little benefit 
from dividing fields having a range in l^eldahl N concentrations less than 1 g/kg. 
Role Of Soil Organic Matter 
Figure 3 shows the within-field relationships between N-minerali2ation rates 
and l^eldahl N concentrations. Mineralization rates of N tended to increase with 
increases in l^eldahl N concentrations. These increases were statistically significant 
(P<0.05) for all fields. These observations suggest that differences in rates of 
mineralization may be responsible for the good relationships between l^eldahl N 
concentrations and nitrate concentrations. Mineralization rates are commonly 
accepted as an index for nitrogen availability in soil (Waksman, 1923; Allison and 
Steriing, 1949; Fitts et al., 1953; Hanway and Dumenil, 1955; Kresge and Merkle, 
1957; Eagle and Matthews, 1958; Gasser and Williams, 1963; Bremner, 1965; 
Robinson, 1968; Stanford and Smith, 1972; Keeney, 1982; Stanford, 1982; 
Meisinger, 1984). 
Mean N-mineralization rates for individual fields ranged from 0.62 to 1.81 mg 
inorganic N kg'May"^ and the CV values for N-mineralization rates among plots 
ranged from 11.4 to 47.6% (Table 3). This variability is consistent with previous 
reports (Rice et al., 1987; Cabrera and Kissel, 1988a; Saint-Fort et al., 1990). 
Although differences in mineralization rates are potentially important factors. 
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Table 3. Mean N-mineralization rates, ranges in N-mineralization rates, and 
among-plot CV values for the 15 plots of each field. 
Field 
Mean 
N-mineralization 
rate 
Range in 
N-mineralization 
rates 
Among-plot 
CV 
values 
(mg inorganic N kg'^day'^) (%) 
JT 1.01 0.24- 1.31 30.4 
ST 1.12 0.62- 1.85 32.9 
JW 1.69 1.08-2.16 18.7 
SB 0.62 0.27- 1.25 47.6 
JN 1.30 0.68- 1.61 19.8 
SW 1.37 0.83- 1.93 25.5 
RN 1.20 0.77- 1.61 20.3 
RE 1.22 1.01 - 1.55 14.6 
SS 0.96 0.73- 1.17 12.0 
CE 1.47 1.00 -1.70 11.7 
CW 1.37 0.96- 1.99 17.6 
CP 1.81 1.49-2.15 11.4 
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relationships between mineralization rates and soil nitrate concentrations (Fig. 4) 
were not as good as the relationships between l^eldahl N and soil nitrate 
concentrations (Fig. 1). This observation suggests that mineralization rates were not 
as important as soil organic matter concentrations in explaining variability in nitrate 
concentrations in this study. 
Data presented in Fig. 5 showed that relationships between soil water holding 
capacity at -33kPa and soil nitrate concentrations were almost as good as the 
relationships between mineralization rates and soil nitrate concentrations (Fig. 4). 
Relationships between soil water holding capacity and mineralization rates (Fig. 6) 
were about as good as relationships between l^eldal N and mineralization rates 
(Fig. 3). These relationships should be expected because soil FQeldahl N showed 
good relationships with soil water holding capacity (Fig. 7). These observations 
demonstrate that many different factors correlate with soil organic matter and 
caution must be used when attributing the effects of organic matter to a single factor. 
Soil organic matter concentrations should be expected to provide a 
reasonable basis for dividing fields for soil-nitrate sampling because soil organic 
matter integrates many different factors that could Influence nitrate concentrations. 
In addition to factors already discussed, within-field variability in organic matter 
concentrations can be linked to landscape positions. Landscape positions at any 
given time influence factors such as soil temperature, soil aeration, soil moisture 
content, and the amount of water that moves through the soil profile. It is not 
necessary to have a quantitative understanding of the relative importance of each of 
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these factors in order to use soil organic matter concentrations to divide fields wtien 
sampling soils for nitrate concentrations. 
The results of this study suggest that an effective strategy for sampling for soil 
nitrate is to divide fields into 'sites' based on differences in organic matter. Soil 
organic matter contents, which are correlated with concentrations of FQeldahl N, 
seemed to provide a logical basis for dividing fields into 'sites' because differences in 
soil organic matter contents, a relatively stable property, can be visually evaluated, 
and because nitrate is produced by the mineralization of organic matter. 
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GENERAL SUMMARY 
Studies were conducted from 1994-1995 to learn more about the variability of 
soil nitrate concentrations within and among small plots of seemingly uniform soil, 
and to identify what should be considered a 'site' in a field when sampling soils for 
nitrate. This information is especially needed to aid in design of efficient sampling 
strategies for the late-spring soil nitrate test, which is a tool that enables site-spedfic 
management of N during com production. 
The results in chapter I indicate that there are substantial uncertainties 
associated with measurements of nitrate concentrations fi-om soil samples collected 
in small plots of seemingly uniform soil. These uncertainties must be recognized 
whenever soil nitrate test results are interpreted. Because of this high degree of 
uncertainty, results of any single analysis may not be reliable. This problem can be 
minimized by taking several samples, looking for trends among samples, and 
pladng little weight to samples that do not follow the observed trends. 
The results in chapter II indicate that within-field variability in nitrate 
concentrations is high at some fields and relatively low in other fields. In fields 
having high variability in nitrate concentrations, FQeldahl N concentrations explained 
substantial portions of the variability in soil nitrate. These observations suggest that 
within-field differences in soil organic matter concentrations, which are correlated 
with f^eldahl N concentrations, can offer guidance for dividing fields into 'sites' for 
soil nitrate testing. This is Important because differences in soil organic matter 
63 
contents, a relatively stable property, can be easily observed, and because soil 
organic matter integrates many important factors that could influence nitrate 
concentrations. 
Overall, the results show that an effective strategy for sampling for soil nitrate 
is to divide fields into 'sites' based on differences in organic matter contents, and to 
collect samples derived from many cores (24-32) within each site. 
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Table 1. Concentrations of nitrate for field JT (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 20.2 19.2 15.0 11.0 
2 15.3 15.2 15.1 13.1 
3 15.5 13.8 12.3 11.9 
4 15.9 15.7 14.5 13.6 
5 13.7 13.7 12.6 12.4 
6 9.0 8.8 6.8 6.4 
7 22.4 20.0 19.7 19.7 
8 23.7 23.4 23.3 22.6 
9 16.8 15.6 14.2 14.0 
10 16.7 15.6 15.0 12.7 
11 11.5 11.3 9.8 9.6 
12 14.1 11.8 10.2 10.1 
13 12.8 12.6 11.7 11.7 
14 17.0 15.7 14.3 11.9 
15 32.9 29.3 29.1 28.8 
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Table 2. Concentrations of nitrate for field JW (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1 >2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 38.6 37.2 32.6 27.2 
2 46.0 39.4 36.5 29.0 
3 32.8 31.8 30.3 28.9 
4 41.8 27.8 27.5 23.5 
5 36.3 35.2 35.1 32.6 
6 43.4 36.4 33.8 30.8 
7 40.4 38.8 31.0 24.2 
8 38.5 38.1 31.2 24.9 
9 36.9 32.3 26.3 26.2 
10 33.1 30.0 26.7 25.8 
11 33.9 33.9 31.6 27.6 
12 38.5 34.1 28.8 25.9 
13 29.2 25.6 21.7 19.6 
14 39.5 39.4 30.6 27.4 
15 26.4 26.2 25.0 23.2 
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Table 3. Concentrations of nitrate for field JN (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 19.7 18.5 14.7 14.6 
2 17.6 16.4 16.2 14.8 
3 14.7 14.1 12.0 11.9 
4 16.3 13.7 12.4 12.0 
5 17.0 16.4 15.6 14.3 
6 22.7 19.6 19.0 17.6 
7 11.6 9.5 9.4 9.1 
8 22.3 20.0 17.6 14.4 
9 23.1 17.5 17.3 16.6 
10 19.4 18.3 18.1 17.0 
11 22.0 19.1 18.5 15.4 
12 28.7 22.9 13.7 11.1 
13 15.1 15.0 14.7 13.7 
14 20.3 19.2 16.2 13.1 
15 21.0 20.3 17.0 16.9 
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Table 4. Concentrations of nitrate for field RN (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1 >2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 21.8 20.2 19.5 18.9 
2 26.8 24.1 21.6 19.4 
3 25.4 24.2 21.7 17.7 
4 22.9 21.3 17.6 16.8 
5 25.5 24.4 21.4 18.7 
6 67.7 24.8 21.3 12.8 
7 39.7 29.5 14.7 12.0 
8 18.5 16.1 14.0 13.6 
9 31.1 17.6 16.3 11.6 
10 46.9 34.5 16.8 14.9 
11 28.0 13.5 13.2 12.5 
12 8.5 7.9 7.9 7.8 
13 13.3 12.9 11.1 8.6 
14 11.5 11.1 10.0 9.1 
15 10.2 9.8 9.7 8.6 
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Table 5. Concentrations of nitrate for field RE (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1 >2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 16.1 14.6 13.3 12.8 
2 12.6 12.3 11.5 10.7 
3 14.5 11.2 11.1 11.1 
4 15.5 14.7 13.9 12.1 
5 15.8 15.7 15.6 15.0 
6 15.0 14.4 13.4 12.9 
7 12.6 12.6 12.3 11.2 
8 14.4 14.1 13.7 11.9 
9 21.9 15.5 15.3 13.3 
10 25.8 16.2 14.6 14.3 
11 17.9 16.7 15.5 12.0 
12 15.6 15.2 14.4 12.1 
13 11.6 11.6 11.3 10.8 
14 15.6 15.6 15.1 13.4 
15 14.3 14.2 12.2 12.0 
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Table 6. Concentrations of nitrate for field CE (non-fertilized plots), ranked firom the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 10.0 9.5 7.1 6.9 
2 7.6 7.2 7.2 6.6 
3 8.2 7.8 7.4 6.2 
4 8.5 7.3 6.8 5.4 
5 10.5 9.2 7.7 7.3 
6 9.6 9.3 8.3 8.0 
7 12.1 11.3 8.8 8.3 
8 10.2 10.1 9.6 8.6 
9 10.2 9.5 8.8 8.2 
10 8.7 7.6 7.4 7.4 
11 9.2 7.8 7.2 6.7 
12 8.8 8.7 7.8 7.7 
13 9.9 9.2 8.9 8.3 
14 10.2 9.7 9.4 7.2 
15 9.0 8.8 8.5 6.7 
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Table 7. Concentrations of nitrate for field CW (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1 >2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 11.7 11.0 9.4 9.0 
2 8.6 6.3 6.1 4.7 
3 10.9 6.5 5.5 5.2 
4 13.6 10.4 9.8 7.9 
5 15.6 13.8 12.5 9.2 
6 14.8 11.2 8.5 8.0 
7 12.9 12.1 8.5 7.8 
8 18.1 9.9 9.8 7.6 
9 12.9 10.9 10.5 6.8 
10 3.8 3.5 3.0 2.7 
11 7.3 5.9 5.3 5.2 
12 16.7 14.1 9.6 9.4 
13 9.6 9.3 7.9 7.3 
14 11.9 10.7 8.8 8.7 
15 10.9 10.9 8.7 8.2 
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Table 8. Concentrations of nitrate for field CP (non-fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 10.4 10.3 10.2 8.8 
2 10.5 10.0 9.0 8.8 
3 13.2 10.3 8.5 8.4 
4 10.8 9.9 9.9 9.2 
5 9.7 9.0 7.9 7.2 
6 12.1 10.9 10.2 10.1 
7 12.0 11.5 11.2 10.5 
8 13.3 12.9 11.4 11.3 
9 11.0 9.8 9.4 7.6 
10 9.4 9.1 8.6 8.5 
11 11.6 11.3 10.1 9.2 
12 10.5 9.7 9.5 8.6 
13 14.1 10.9 10.9 10.1 
14 10.7 9.7 9.1 7.5 
15 10.9 9.1 8.9 8.8 
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Table 9. Concentrations of nitrate for field JT (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
m.g N/kg soil 
1 28.0 27.2 26.0 24.7 
2 32.4 31.3 26.4 26.3 
3 25.3 21.0 20.2 18.1 
4 28.5 24.4 19.4 19.0 
5 29.1 27.5 24.4 23.0 
6 28.8 27.7 24.5 21.3 
7 29.8 26.5 25.8 24.5 
8 25.9 24.0 23.1 20.1 
9 33.6 33.6 33.3 30.6 
10 31.5 27.7 27.7 26.2 
11 32.1 26.3 26.2 23.0 
12 24.2 20.3 17.6 16.9 
13 26.3 24.1 22.2 21.2 
14 21.9 21.8 19.1 16.4 
15 34.9 33.0 29.6 22.8 
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Table 10. Concentrations of nitrate for field JW (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 60.6 45.1 41.6 33.5 
2 42.9 36.8 32.2 26.0 
3 40.4 38.1 30.3 25.8 
4 52.1 46.3 24.7 23.4 
5 43.9 42.5 40.0 37.6 
6 43.1 41.8 41.1 38.9 
7 46.1 45.8 43.8 41.0 
8 40.1 38.8 37.5 29.2 
9 41.9 37.9 36.3 35.6 
10 41.6 38.0 36.3 35.2 
11 44.6 30.4 26.4 25.7 
12 73.0 54.9 46.2 42.4 
13 90.1 57.6 45.2 41.1 
14 52.0 47.3 36.7 34.3 
15 86.6 67.8 64.5 48.4 
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Table 11. Concentrations of nitrate for field JN (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 33.8 27.3 25.8 25.7 
2 29.9 29.1 25.4 23.8 
3 35.5 30.4 29.6 27.6 
4 33.9 30.2 25.6 23.8 
5 31.0 29.4 27.6 27.0 
6 29.8 27.7 24.4 24.3 
7 26.3 24.2 23.1 22.6 
8 41.8 40.3 38.3 35.4 
9 47.4 45.9 44.1 40.7 
10 38.6 34.5 33.9 26.3 
11 38.1 36.4 34.7 29.2 
12 38.0 32.5 31.7 30.7 
13 39.1 34.2 33.9 33.1 
14 38.9 33.3 32.1 29.9 
15 32.3 29.3 28.4 27.1 
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Table 12. Concentrations of nitrate for field RN (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 37.0 32.0 29.2 27.6 
2 31.1 28.4 28.4 26.4 
3 34.9 34.3 33.7 31.7 
4 36.0 34.3 29.1 26.4 
5 24.7 24.5 21.5 20.9 
6 35.1 25.1 25.0 24.1 
7 25.1 24.2 22.7 21.9 
8 31.9 28.3 28.0 23.0 
9 26.8 23.8 16.6 16.5 
10 27.3 24.6 21.5 19.2 
11 33.1 29.4 28.7 28.0 
12 36.6 34.6 29.9 29.9 
13 29.1 28.1 27.8 20.3 
14 33.5 33.2 30.3 25.4 
15 31.0 29.2 24.6 23.6 
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Table 13. Concentrations of nitrate for field RE (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 32.4 31.9 31.6 31.0 
2 35.5 32.9 32.7 28.8 
3 41.9 35.4 33.7 31.4 
4 34.1 28.9 26.9 23.6 
5 29.8 27.6 25.8 25.4 
6 34.6 34.1 31.9 27.7 
7 30.4 29.6 27.6 25.5 
8 50.4 45.2 35.0 33.7 
9 45.2 36.6 29.3 26.9 
10 36.6 33.0 29.7 29.2 
11 31.4 31.4 30.9 27.3 
12 31.6 28.9 26.2 24.3 
13 35.3 25.6 22.5 17.7 
14 37.5 32.8 28.1 27.3 
15 37.5 33.5 31.8 27.9 
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Table 14. Concentrations of nitrate for field CE (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 10.0 7.4 6.4 5.5 
2 16.2 15.7 15.2 9.8 
3 29.0 25.5 23.3 20.3 
4 26.3 23.3 23.1 19.9 
5 23.2 21.5 21.4 19.2 
6 23.8 22.5 21.4 18.8 
7 28.9 26.8 15.6 14.7 
8 30.9 28.6 28.2 20.4 
9 35.9 31.5 19.7 19.1 
10 32.4 27.0 24.6 23.2 
11 22.9 22.2 16.7 15.7 
12 22.6 20.8 20.6 20.5 
13 27.0 26.2 20.7 18.7 
14 38.7 32.1 32.1 20.7 
15 26.8 24.9 24.8 22.9 
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Table 15. Concentrations of nitrate for field CW (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 31.9 30.4 26.1 23.9 
2 28.5 25.1 21.0 19.3 
3 24.9 19.5 18.8 17.2 
4 32.3 25.4 23.9 19.1 
5 27.4 26.3 25.8 20.1 
6 24.9 21.0 19.0 18.5 
7 26.9 23.2 23.1 19.4 
8 35.7 27.8 23.3 21.6 
9 40.8 29.0 25.7 22.4 
10 30.9 24.2 23.1 21.5 
11 35.4 30.0 24.1 21.0 
12 32.6 30.8 27.8 20.6 
13 26.8 23.3 23.3 19.2 
14 29.8 25.8 25.1 19.5 
15 33.8 31.2 23.2 22.3 
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Table 16. Concentrations of nitrate for field CP (fertilized plots), ranked from the 
highest concentration to the lowest concentration (1>2>3>4) for each plot. 
Ranking 
Plot 1 2 3 4 
mg N/kg soil 
1 12.6 12.3 12.2 11.2 
2 14.0 13.5 13.3 12.8 
3 11.8 11.0 9.6 9.3 
4 13.3 12.6 12.6 11.7 
5 14.4 13.7 13.3 11.3 
6 18.5 17.0 12.1 10.6 
7 13.7 12.7 12.0 11.8 
8 16.8 15.4 15.3 12.4 
9 16.8 13.9 11.7 9.6 
10 14.4 13.9 13.4 12.1 
11 14.0 12.5 11.9 11.0 
12 10.1 8.9 8.5 7.9 
13 10.2 9.9 8.4 7.9 
14 10.1 10.0 9.7 7.3 
15 10.7 10.6 10.2 9.9 
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Table 17. Concentrations of nitrate for each plot (non-fertilized) in field ST. 
Plot 1 2 
Sample 
3 4 5 6 
mg N/kg soil 
1 9 8 14 11 9 10 
2 11 12 16 13 11 8 
3 12 15 13 15 14 13 
4 10 12 13 10 9 8 
5 5 6 5 6 5 4 
6 6 6 6 6 6 6 
7 8 9 10 8 8 8 
8 7 9 9 6 7 12 
9 7 6 6 5 5 6 
10 8 7 8 7 11 8 
11 6 7 6 6 7 8 
12 7 6 7 10 6 9 
13 7 8 8 8 8 6 
14 8 9 7 8 10 10 
15 8 10 12 9 10 10 
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Table 18. Concentrations of nitrate for each plot (non-fertilized) in field SB. 
Sample 
Plot 1 2 3 4 5 6 
mg N/kg soil 
1 12 12 12 12 11 12 
2 13 13 14 19 15 14 
3 10 14 10 11 14 10 
4 15 14 12 13 15 12 
5 4 5 6 7 5 5 
6 9 7 8 6 9 7 
7 17 15 18 15 21 21 
8 8 14 9 9 12 9 
9 12 14 13 14 14 15 
10 10 11 14 12 12 11 
11 4 4 7 5 4 4 
12 10 8 5 5 11 11 
13 13 11 9 8 14 14 
14 10 9 11 9 11 10 
15 15 12 11 10 12 8 
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Table 19. Concentrations of nitrate for each plot (non-fertilized) in field SW. 
Plot 1 2 
Sample 
3 4 5 6 
mg N/kg soil 
1 10 9 13 14 14 14 
2 8 12 15 11 8 10 
3 5 6 8 9 9 11 
4 6 8 10 10 5 8 
5 8 7 9 7 8 8 
6 5 6 9 9 9 7 
7 15 10 8 14 15 13 
8 13 12 9 7 10 10 
9 7 6 8 11 0 10 
10 22 6 9 10 9 7 
11 9 8 8 7 8 6 
12 7 8 9 8 8 12 
13 9 12 8 9 12 8 
14 9 11 8 8 11 8 
15 17 20 21 13 27 8 
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Table 20. Concentrations of nitrate for each plot (non-fertilized) in field SS. 
Sample 
Plot 1 2 3 4 5 6 
mg N/kg soil 
1 12 11 7 13 8 11 
2 19 19 19 16 19 15 
3 15 14 18 16 19 14 
4 13 14 11 13 9 12 
5 14 20 14 14 17 10 
6 16 18 14 14 19 14 
7 20 20 13 12 12 15 
8 17 12 11 10 10 11 
9 9 11 10 10 10 12 
10 22 15 13 13 15 16 
11 10 9 11 15 15 11 
12 11 10 8 14 16 17 
13 15 12 15 14 19 14 
14 12 14 13 16 21 20 
15 13 10 16 20 17 16 
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Table 21. (^eldahl N concentrations for fields (non-fertilized) JT, ST, JW, and SB. 
Field 
Plot n SI JW SB 
g/kg soil 
1 1.9 2.0 1.9 2.3 
2 1.9 2.0 1.5 1.7 
3 1.4 3.0 1.7 1.5 
4 1.9 3.1 2.2 1.6 
5 1.5 1.6 2.6 0.9 
6 0.4 1.2 3.9 1.6 
7 2.5 1.5 2.6 1.7 
8 3.7 1.5 2.6 1.4 
9 1.9 1.4 2.3 1.4 
10 1.8 1.8 1.5 1.7 
11 1.0 1.2 2.1 1.0 
12 1.2 1.6 2.3 1.1 
13 2.0 1.9 2.8 1.5 
14 2.6 2.0 3.7 1.3 
15 3.2 2.9 3.4 2.4 
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Table 22. I^eldahl N concentrations for fields (non-fertilized) JN, SW, RN, and RE. 
Field 
Plot JN SW RN RE 
g/kg soil 
1 2.4 2.2 2.0 1.8 
2 2.8 2.4 2.1 1.8 
3 1.9 2.1 1.9 2.2 
4 2.2 2.2 1.7 2.4 
5 2.0 2.0 2.0 2.2 
6 2.0 1.3 1.8 2.0 
7 0.9 2.1 1.8 1.7 
8 2.4 2.1 1.9 1.8 
9 2.2 1.8 2.1 2.2 
10 3.5 1.2 2.1 2.4 
11 2.8 1.1 1.9 2.8 
12 2.8 2.1 1.1 2.2 
13 2.3 2.1 1.5 1.9 
14 2.0 2.4 1.5 1.8 
15 2.4 2.8 1.2 1.8 
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Table 23. I^eldahl N concentrations for fields (non-fertilized) SS, CE, CW, and CP. 
Field 
Plot SS CE CW CP 
g/kg soil 
1 2.0 2.1 2.2 2.1 
2 2.0 1.9 1.7 2.1 
3 1.9 1.6 1.9 2.3 
4 2.3 1.9 2.1 2.0 
5 1.7 2.0 2.0 2.1 
6 2.0 1.7 2.0 2.0 
7 2.3 2.0 1.9 2.2 
8 1.5 2.0 1.9 2.2 
9 2.1 2.3 2.0 1.7 
10 1.8 2.1 1.7 1.9 
11 1.9 1.8 1.8 2.2 
12 1.8 2.1 2.0 2.3 
13 1.9 2.0 1.9 2.2 
14 1.9 2.1 2.0 2.0 
15 1.6 1.8 2.4 2.0 
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Table 24. I^eldahl N cx)ncentrations for fields (fertilized) JT, JN, JW, and RN. 
Field 
Plot n JN JW m 
g/kg soil 
1 1.7 2.1 1.8 1.9 
2 2.1 3.6 1.9 1.7 
3 1.2 2.3 2.0 2.0 
4 1.9 2.1 2.3 2.0 
5 1.9 2.3 2.2 1.2 
6 1.3 1.5 2.4 1.6 
7 1.3 0.9 2.3 1.1 
8 0.8 3.3 2.1 1.4 
9 2.3 3.3 1.8 1.8 
10 2.0 2.8 1.9 1.9 
11 1.1 3.4 2.4 2.0 
12 1.7 2.2 2.7 1.9 
13 1.8 2.8 3.7 1.2 
14 1.2 2.3 1.9 1.7 
15 3.5 1.6 1.6 1.3 
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Table 25. I^eldahl N concentrations for fields (fertilized) RE, CE, CP, and CW. 
Field 
Plot RE CE CP CW 
g/kg soil 
1 2.0 1.6 2.5 1.7 
2 1.8 2.0 2.3 1.9 
3 2.3 2.0 2.3 2.0 
4 1.3 2.2 2.2 1.8 
5 2.0 1.9 2.0 2.0 
6 2.2 2.0 2.1 1.9 
7 2.2 1.9 2.1 1.7 
8 2.2 2.4 2.3 1.8 
9 1.9 2.3 2.3 1.8 
10 2.1 2.2 2.4 2.0 
11 2.0 1.8 2.2 2.1 
12 1.5 1.6 2.0 2.0 
13 1.4 2.1 2.0 2.0 
14 2.0 2.1 2.1 2.0 
15 2.1 2.3 2.0 2.0 
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Table 26. Summary of results for the Cate-Nelson procedure. 
Field Non-fertilized Fertilized 
JT 0.69, 0.49 0.56 
ST 0.61 ND 
JW CD CD 
SB 0.54 ND 
JN 0.58 0.39 
SW 0.62 ND 
RN 0.67 0.29 
RE 0.31 0.31 
SS CD ND 
CE 0.40 0.42 
CW 0.69 CD 
CP 0.46 CD 
ND - Not determined 
CD - Cannot be divided 
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Table 27. N-mineralization rates for fields JT, ST, JW, and SB. 
Field 
Plot £[ ST JW ^ 
mg inorganic N kg'^ day"^ 
1 1.14 1.32 1.85 1.25 
2 1.31 1.23 1.53 0.88 
3 0.97 1.57 1.08 0.61 
4 1.23 1.85 1.62 0.52 
5 1.06 1.00 2.16 0.28 
6 0.24 0.71 2.06 0.44 
7 1.18 0.95 1.83 0.64 
8 1.21 0.90 2.04 0.39 
9 0.98 0.75 1.59 0.69 
10 1.27 1.16 1.16 0.72 
11 0.45 0.62 1.41 0.41 
12 0.74 0.97 1.67 0.27 
13 1.16 0.85 1.99 0.58 
14 1.17 1.17 1.73 0.39 
15 1.09 1.72 1.61 1.16 
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Table 28. N-mineralization rates for fields JN, SW, RN, and RE. 
Field 
Plot m SW RN ^ 
mg inorganic N kg'^ day'^ 
1 1.45 1.51 1.46 1.29 
2 1.50 1.75 1.31 1.03 
3 0.89 1.56 1.51 1.46 
4 1.20 1.35 0.97 1.13 
5 1.27 1.12 1.26 1.20 
6 1.09 0.83 1.20 1.13 
7 0.68 1.63 1.12 1.05 
8 1.61 1.80 1.39 1.32 
9 1.36 1.19 1.30 1.28 
10 1.37 0.85 1.61 1.53 
11 1.21 0.87 1.26 1.55 
12 1.56 1.28 0.77 1.13 
13 1.44 1.36 1.06 1.07 
14 1.43 1.57 1.00 1.14 
15 1.51 1.93 0.83 1.01 
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Table 29. N-mineralization rates for fields SS, CE, CW, and CP. 
Plot SS 
neiu 
CE CW CP 
mg inorganic N kg"' day*' 
1 0.91 1.58 1.68 1.83 
2 0.99 1.52 1.27 1.82 
3 0.91 1.00 1.39 2.14 
4 1.00 1.57 1.51 1.74 
5 0.78 1.47 1.26 2.15 
6 1.01 1.49 1.34 1.75 
7 1.17 1.52 1.40 1.75 
8 0.73 1.39 1.39 2.03 
9 1.06 1.63 1.24 1.64 
10 1.00 1.49 0.96 1.49 
11 1.06 1.39 1.12 1.74 
12 1.08 1.70 1.20 2.05 
13 0.91 1.63 1.42 1.84 
14 0.86 1.38 1.32 1.51 
15 0.96 1.27 1.99 1.64 
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